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Available online 25 April 2016In this study we used typing based on the eight multilocus sequence typing scheme housekeeping genes (MLST)
and 5S-23S rDNA intergenic spacer (IGS) to explore the population structure of Borrelia burgdorferi sensu lato iso-
lates from patients with Lyme borreliosis (LB) and to test the association between the B. burgdorferi s.l. sequence
types (ST) and the clinicalmanifestations they cause in humans. Isolates of B. burgdorferi from 183 LB cases across
Europe, with distinct clinical manifestations, and 257 Ixodes ricinus lysates from The Netherlands, were analyzed
for this study alone. For completeness, we incorporated in our analysis also 335 European B. burgdorferi s.l. MLST
proﬁles retrieved from literature. Borrelia afzelii and Borrelia bavariensiswere associated with human cases of LB
while Borrelia garinii, Borrelia lusitaniae and Borrelia valaisiana were associated with questing I. ricinus ticks.
B. afzeliiwas associatedwith acrodermatitis chronica atrophicans, while B. garinii and B. bavariensiswere associat-
ed with neuroborreliosis. The samples in our study belonged to 251 different STs, of which 94 are newly de-
scribed, adding to the overall picture of the genetic diversity of Borrelia genospecies. The fraction of STs that
were isolated fromhuman sampleswas signiﬁcantly higher for the genospecies that are known to bemaintained
in enzootic cycles by mammals (B. afzelii, B. bavariensis, and Borrelia spielmanii) than for genospecies that are
maintained by birds (B. garinii and B. valaisiana) or lizards (B. lusitaniae). We found six multilocus sequence
types that were signiﬁcantly associated to clinical manifestations in humans and ﬁve IGS haplotypes that were
associated with the human LB cases. While IGS could perform just as well as the housekeeping genes in the
MLST scheme for predicting the infectivity of B. burgdorferi s.l., the advantage of MLST is that it can also capture
the differential invasiveness of the various STs.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
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Neuroborreliosis1. Introduction
Lyme borreliosis (LB) is the most prevalent vector-borne disease in
Europe (ECDC, 2011), with an incidence that has increased in the past
few years (Stanek et al., 2012). The causative agents – Lyme spirochetes
– are bacteria belonging to the Borrelia burgdorferi sensu lato complex.
They are transmitted by ticks of genus Ixodes (Burgdorfer et al., 1982)
and are maintained in enzootic cycles by different vertebrate hosts
(Kurtenbach et al., 2006; Mannelli et al., 2012).
The disease presents itself under a wide range of clinical manifesta-
tions in humans. Thesemanifestations start, in many cases, with erythe-
ma migrans (EM) — a rash at the site of the tick bite, and progress on
some occasions towards disseminated manifestations such as cardio-
vascular, neurologic, or arthritic ones. At least ﬁve genospecies of
B. burgdorferi s.l. have been shown to be pathogenic to humans —. This is an open access article underBorrelia afzelii, Borrelia garinii, Borrelia burgdorferi sensu stricto, Borrelia
spielmanii, and Borrelia bavariensis (Stanek et al., 2012). Current knowl-
edge is that B. afzelii is predominantly involved in cutaneousmanifesta-
tions, being often found in the localized incipient form of the infection
and in acrodermatitis chronica atrophicans (ACA), B. garinii in neurolog-
ical manifestations, and B. burgdorferi in articular ones (Stanek et al.,
2012). Thus, these two last genospecies are, apparently, more invasive,
being able to disseminate from the inoculation site to other tissues or/
and to survive the early immune response. However, there is not a
clear-cut differentiation between members of these genospecies in
terms of symptoms. Next to that, there have been reports of disseminat-
ed disease (e.g. neuroborreliosis (NB))without any characteristic erythe-
ma migrans symptoms (Reik et al., 1986); that would imply that, while
beingmore invasive, some strains can be overlooked when only testing
EM biopsies.
Furthermore, it is not yet known if all the Borrelia genotypes within
the pathogenic genospecies present in questing ticks can cause disease
in humans or if there is only a subset of them that is pathogenicthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
67E.C. Coipan et al. / Infection, Genetics and Evolution 42 (2016) 66–76(infectious). From a public health perspective, it is important to be able
to differentiate between the infectious and non-infectious Borrelia spi-
rochaetes or between the invasive and non-invasive ones. Discriminat-
ing between these types could be useful for disease risk assessment and
management.
Research on B. burgdorferi s.s. in North America has shown that some
major sequence types of the outer surface protein C (ospC) and certain
sequence types of 16S–23S rRNA intergenic spacer are more frequently
found in disseminated cases of LB (Dykhuizen et al., 2008; Strle et al.,
2011; Wormser et al., 2008). More recently, Hanincova et al. (2013)
have shown signiﬁcant associations between clusters of sequence
types (clonal complexes) of B. burgdorferi s.s. and localized or dis-
seminated forms of LB. It seems, thus, that the genetic makeup of
the pathogenic spirochetes is determinant for the symptomatology
they cause. Consequently, genotyping the bacteria might hold the
answer to the question of differential infectivity and invasiveness
of B. burgdorferi s.l.
The gold standard for genotyping of B. burgdorferi nowadays is
multilocus sequence typing (MLST), based on eight housekeeping
genes on the chromosome, which undergo slow evolution and show
nearly neutral variation (Margos et al., 2008; Urwin and Maiden,
2003). Previous studies (Coipan et al., 2013a) have shown that the
5S–23S rDNA intergenic spacer (IGS) can also discriminate among the
genospecies of B. burgdorferi s.l. and that it can also detect genetic differ-
entiation among the bacteria of various geographic provenience.
In this study we used typing based on MLST and IGS to explore the
population structure of B. burgdorferi s.l. isolates from patients with LB
and to address the issue of association between the B. burgdorferi s.l. se-
quence types (ST) and the clinical manifestations they cause in humans.
Firstly, we examined whether all the bacterial STs found in questing
ticks can cause disease in humans or it is only a small subset that is re-
sponsible for the reported cases of LB. Assuming that the pathogenicity
of the bacteria is a characteristic determined primarily by their genetic
composition,we usedMLST and IGS as genetic proxies for infectivity/in-
vasiveness of a strain. Secondly, we wanted to test whether there are
B. burgdorferi s.l. STs that are more frequently encountered in human
cases than we would expect based on their frequency in questing
ticks. If that were to be true, it would imply that some of the bacterial
STs are more infectious than others. The last hypothesis we tested is
that of differential dissemination/persistence ability of B. burgdorferi
s.l., for which we calculated the probabilities of various STs of causing
disseminated/persistent clinical manifestations in humans.
2. Material & methods
2.1. Borrelia isolates
Isolates of B. burgdorferi from 183 Lyme borreliosis cases across
Europe, with distinct clinical manifestations, and 257 Ixodes ricinus
lysates from The Netherlands, were analyzed for the present study. The
European isolates were selected primarily to give as wide as possible
diversity of Borrelia in human samples, based on their country of origin.
2.2. DNA extraction and screening of questing ticks
DNA extraction from the individual questing ticks was done by alka-
line lysis in ammonium hydroxide, as described previously (Schouls
et al., 1999), while the DNA extraction from the bacterial cultures was
performed using DNeasy® Blood & Tissue Kit (QIAGEN N.V., Venlo,
The Netherlands).
Screening of the questing ticks for B. burgdorferi s.l. was done by
qPCR with outer surface protein A (ospA) and ﬂagellin B (ﬂaB) targeted
primers, as described (Heylen et al., 2013).
The majority of the ticks included in this study was represented by
nymphs, as they constitute most of the acarological risk (Coipan et al.,
2013b) for acquiring LB.2.3. Multilocus sequence typing (MLST)
All 440 isolates of B. burgdorferi s.l. were sequenced and typed using
the MLST procedure described by Margos et al. (2008), except that the
elongation times were 60 s. Brieﬂy, eight loci on the bacterial chromo-
some (clpA, clpX, nifS, pepX, pyrG, rplB, recG, and uvrA) were ampliﬁed
and subsequently sequenced in forward and reverse directions.
Trimming and manual cleaning of sequences was performed in
Bionumerics 7.1. (Applied Math, Belgium).
In frame alignment of sequences was made with TranslatorX
(Abascal et al., 2010), using the program MUSCLE (Edgar, 2004) with
bacterial and plant plastid genetic code.
2.4. 5S–23S typing
For 220 of these samples we also performed PCR targeting the vari-
able 5S–23S rDNA intergenic spacer region (IGS). The PCR was per-
formed according to the protocol described in Coipan et al. (2013a).
Alignment of the sequences was made using MAFFT (Katoh and Toh,
2008) and the sequences were trimmed to nucleotides between posi-
tion 438,838 and 439,196 (359 nucleotides) of whole genome sequence
of B. afzelii strain PKo (GenBank entry CP002933). An IGS sequence type
was deﬁned here as a group of Borrelias within a genospecies in which
all members share an identical sequence.We assigned a unique number
to each of the IGS sequence types.
2.5. Multilocus sequence analysis
Each unique allele type of the housekeeping genes received a num-
ber. Alleles that were identical to the ones already existing in MLST.
net received the same number, while the new ones received numbers
over 500. Similarly, the STs resulting from concatenating the alleles at
all eight loci, were assigned unique numbers that either matched the
known ones in MLST.net or had values higher than 1000 if they were
previously unknown.
To gain more information regarding the distribution of the STs in
questing ticks we incorporated in our analysis also 335 European
B. burgdorferi s.l. MLST proﬁles that we retrieved from publications
(Hoen et al., 2009; Margos et al., 2008, 2009; Vollmer et al., 2011), the
full dataset analyzed consisting, thus, of 775 isolates.
2.6. Phylogenetic analysis and clustering
The cluster analysis was performed on the IGS sequences and on
each of the eight MLST loci, as well as on the concatenated sequences
of the latter ones.
Best-scoring maximum likelihood trees were generated using the
PhyML online platform (Guindon et al., 2010), with a general time re-
versible (GTR)model of DNA evolution and Subtree-pruning–regrafting
(SPR) and Nearest Neighbor Interchanges (NNI) for tree improvement,
with 100 bootstraps.
We identiﬁed clusters of Borrelia isolates in the phylogenetic tree.
For this, we retained, using Biopython 1.65, only the clusters with a
strong bootstrap support (i.e. greater than 90%) in the best-scoring phy-
logenetic tree.
2.7. Rarefaction analysis
To test our hypothesis of the differential pathogenicity (whether all
the Borrelia spirochetes found in ticks are infectious to humans or the
ones that are found in clinical manifestations are only a subset) we
counted distinct STs of B. burgdorferi s.l. identiﬁed in clinical samples.
Similarly, we counted distinct STs identiﬁed in tick samples. We ran a
rarefaction analysis, implemented in EstimateS 9 (Colwell, 2013) for
individual-based abundance data, with 100 runs, randomization of indi-
vidualswithout replacement, and extrapolation to 2000 individuals.We
Table 1
Source of samples and MLST proﬁles. The number in each cell is the total number of sam-
ples used in the analyseswhile thenumber in the brackets refers to the total number of the
samples sequenced for this study alone. AF= B. afzelii, BA= B. bavariensis, BI= B. bissettii,
BU= B. burgdorferi sensu stricto, GA= B. garinii, LU= B. lusitaniae, SP= B. spielmanii, VA
= B. valaisiana, EM= erythemamigrans, ACA= acrodermatitis chronica atrophicans, NB=
neuroborreliosis and LA = Lyme arthritis.
Genospecies Tick EM ACA NB LA Total
AF 229 (157) 122 (115) 37 (36) 0 2 (2) 390 (310)
BA 3 (1) 9 (6) 0 13 (7) 1 26 (14)
BI 1 0 0 0 0 1
BU 28 (4) 9 (9) 1 (1) 0 0 38 (14)
GA 158 (44) 24 (24) 0 9 (4) 0 191 (72)
LU 16 (2) 1 0 0 0 17 (2)
SP 10 (7) 3 (2) 0 0 0 13 (9)
VA 99 (19) 0 0 0 0 99 (19)
Total 544 (234) 168 (156) 38 (37) 22 (11) 3 (2) 775 (440)
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determine the species richness of the two samples.
2.8. Statistical analysis
Descriptive statistics (haplotype diversity, nucleotide diversity, syn-
onymous and nonsynonymous polymorphisms) were determined
using DnaSP 5.10.01.
Extent to which human source was overrepresented in a particular
ST can be quantitatively evaluated by calculating the probability of ob-
servingmore clinical samples of the particular ST than actually observed
in the samples. For this, we evaluated beta binomial cumulative distri-
bution using a function pbetabinom.ab (q, size, shape1, shape2, log.p=
FALSE) implemented in the R package VGAM. Function arguments are:
the number of clinical samples (q) and the total number of samples
(size) in a particular ST, the number of clinical samples (shape1) and
the number of tick samples (shape2) in the most abundant ST. Hence,
excess of human source in the particular ST was evaluated against the
most abundant ST (=reference). Using the same methodology, we
also evaluated extent to which any of the three clinical manifestations
— EM, ACA, NB was overrepresented in a particular ST.
To check whether also the reference STs, genetic clusters, or
genospecies were associated with either human cases or disseminat-
ed/persistent forms of the diseasewe ran a Fisher's exact test.We tested
at a turn each ST against the totality of the other ones in human versus
ticks; we repeated the test for each of the disseminated/persistent clini-
cal manifestations against erythema migrans. The null hypothesis was
that the frequency of the STs should be equal in any twodifferent sources
or symptoms. The correction for multiple testing was performed accord-
ing to the method described by Benjamini and Hochberg (1995). The
same procedure we used for the genetic clusters and genospecies.
Since the majority of the human samples came from bacterial cul-
tures, while the majority of the tick samples were lysates of the ticks,
in order to be able to compare the frequencies of the STs in these sam-
ples we assume that all genotypes are equally likely to be cultured
and sequenced. Should this assumption not hold, the results of the
comparison between the ticks and human isolates might be biased
and should, therefore, be interpreted with caution.
The main assumption when combining DNA sequences from all
across Europe in one analysis is that there is no signiﬁcant genetic differ-
entiation based on the geographic location. This is especially important
for the human samples. Since the results of the beta-binomial test is
based on the existence of rare variants in ticks that are overrepresented
in human samples, it is important to exclude the possibility that any sig-
niﬁcant results are due to the absence of sampling from the tick popula-
tion (see Supplementary Table 1 for country of origin of human and tick
samples) and the existence of genetic differentiation in the human sam-
ples between distinct countries. To exclude that possibility, we tested
for genetic differentiation using the “Comparisons of pairs of population
samples” test implemented in Arlequin 3.5.2.1 (Excofﬁer and Lischer,
2010). The results were interpreted based on the matrix of signiﬁcant
Fst ps, with a signiﬁcance level of 0.05.
2.9. Comparison between MLST and IGS predictive values for pathogenicity
of B. burgdorferi s.l.
We applied principal component analysis implemented in smartpca
(Patterson et al., 2006) to Borrelia isolates sampled in 161 patients and
24 vegetation ticks; these were the samples from which we had
sequences of the eight housekeeping genes as well as the IGS. Our
purposes were to: (1) distinguish the group of Borrelia isolates sampled
in patients from those sampled in vegetation ticks, (2) identify SNPs
that are informative in delineating the subpopulations, and (3) identify
the genes that contain the informative SNPs. The differentiation be-
tween the Borrelia populations in the two different sources was tested
with a χ2 test. By running smartpca, we calculated ANOVA statistics forpopulation differences along each eigenvectors and associated ps. We
calculated also the weights of SNPs along each eigenvectors. The
sequences used in the analysis were the concatenated sequences of
the eight MLST loci and IGS; the resulting sequences were 5157 nucleo-
tides (nt), containing 765 SNPs. Following the alignment,we coded each
nucleotide by a biallelic state: “1” when the base was identical to the
reference base, and “0” for nucleotides different from the one in the
reference sequence. As reference, we chose the most common ST in
the dataset. The settings for the smartpca included turning the option
killr2 on and setting the option r2thresh equal to 0.5 in order to eliminate
SNPs in linkage disequilibriumwith nearby SNPs having correlation co-
efﬁcient greater than 0.5.
Next, we performed similar analyses using the concatenated MLST
genes (4788 nt) of the Borrelia samples from 193 patients; these were
all the human samples from which we had a ﬁll MLST proﬁle. The
total number of SNPs contained by these was 1120. In this case we
labeled each sample by the clinical manifestation of the patient from
whom the bacteria were cultured. Our purposes were to: (1) distin-
guish the group of Borrelia isolates sampled in neuroborreliosis and
acrodermatitis chronica atrophicans patients from those sampled in
erythema migrans patients, and (2) identify informative SNPs.
3. Results
3.1. Genospecies diversity
The full data set that we used in our analysis consisted of 775 entries
— 440 from this study and335 from the literature. Approximately half of
the 775 sampleswere B. afzelii (n=390). B. garinii represented approx-
imately a quarter of the samples (n = 191). B. valaisiana accounted for
approximately 13% of the samples (n = 99), while the rest of the
genospecies were each represented by less than 5% of the entries
(Table 1). The 335 sequences retrieved from the literature were in over-
whelming majority from ticks (n = 310) and only 7.5% were from
human Lyme borreliosis cases (n= 25). Of the total 440 samples tested
for this study alone, sequencing at all eight loci was successful for 293,
with an even distribution among the two sources: 58% from humans
(n = 170) and 42% from I. ricinus ticks (n = 123). Nevertheless, all
the samples could be attributed to a certain Borrelia genospecies. The
total number of isolates in our analysis of which we had a complete
MLST proﬁle was 628.
Next to The Netherlands (n = 363), the European countries that
were best represented in this data set were Great Britain (n = 120),
Latvia (n= 81), France (n= 62), and Germany (n= 44; Supplementa-
ry Table 1).
Regarding the sample source, more than two thirds of the entries
were from ticks (n = 544; Table 1). The human samples were mostly
retrieved from the incipient form of LB — erythema migrans (EM; n =
168). Among the disseminated forms of LB, acrodermatitis chronica
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neuroborreliosis (NB) represented approximately half of that (2.84%).
Lyme arthritis (LA) was the least frequent form of disseminated disease
(0.39%) in our dataset. Eleven isolates were retrieved from both EM and
one of the late manifestations LB (one ACA, one LA, and nine NB); these
were included twice in the dataset, once for each of the symptoms.
3.2. Intra-genospecies diversity
Out of the 628 samples sequenced at all eight housekeeping loci, 16
showed double peaks in at least one of the genes. These were eight
B. afzelii, six B. garinii, and two B. bavariensis samples and they were fur-
ther excluded from the assignationof STs, being used only for the cluster
analyses. The presence of double peaks in the DNA sequences is indica-
tive of multiple infection of the ticks with different Borrelia STs. The ex-
clusion of this data might have negatively affected the frequency of
some STs in questing ticks. However, we expect that the low number
(16) would not signiﬁcantly impact the results of our analysis.
Overall, the samples in our study belonged to 251 different STs
(Table 2a), of which 94 are newly described. Fasta ﬁles of the newly de-
scribed STs are available upon request. The majority of the newly de-
scribed STs belong to B. afzelii (74) followed by B. garinii (13; Table 2a).
However, the within genospecies genetic differentiation varied
broadly, with very short branches for B. afzelii and long ones for
B. garinii (Fig. 1). This is also supported by summary statistics for each
genospecies (Table 2a): The haplotype diversity was highest for
B. afzelii (0.9845) and slightly smaller for B. burgdorferi and B. garinii
(Table 2a) while the nucleotide diversity was low for B. afzelii
(0.00248), but high for B. burgdorferi (0.00659) and B. garinii (0.00884).
All these metrics indicate the existence of a gradient of STs for B. afzelii
and higher genetic differentiation for B. garinii and B. burgdorferi.
B. bavariensis was the genospecies with the lowest haplotype diversity
(0.181) and the lowest nucleotide diversity (0.00004; Table 2a).
Cluster analysis revealed robust clustering of the entries belonging
to the same genospecies (Fig. 1), with bootstrap values of 100 for
most of the genospecies. The pathogenic bacteria were unevenlyTable 2
Summary statistics for intragenospecies divergence of B. burgdorferi s.l. based on the eight MLST
B. garinii, LU = B. lusitaniae, VA = B. valaisiana.
a) Values for full dataset and for each genospecies (B. spielmanii and B. bissettii are omitte
Population used S.L. AF BA
Number of sequences 612 289 2
Number of sequence typesa 251 129
Number of new sequence types 94 74
Total number of sites (−sites with gaps) 4782 4785 478
Number of polymorphic sites 1120 332
Total number of mutations 1284 336
Haplotype (gene) diversity, Hd 0.9908 0.9845
Standard deviation of Hd 0.0009 0.002
Nucleotide diversity, Pi 0.04607 0.00248
Standard deviation of Pi 0.0009 0.00026 b
b) Values for the different sources (human and tick) of the main three genospecies
Population used B. afzelii
Human Tick
Number of sequences 135 154
Number of sequence typesa 68 78
Total number of sites (−sites with gaps) 4785 4785
Number of polymorphic sites, S 68 313
Total number of mutations, Eta 68 316
Haplotype (gene) diversity, Hd 0.976 0.978
Standard deviation of Hd 0.005 0.004
Nucleotide diversity, Pi 0.00196 0.00292
Standard deviation of Pi b0.0001 0.00048
a Sequence type = haplotype.distributed among the branches of the tree, with an almost homoge-
neous distribution within B. afzelii and an imbalanced one within
B. garinii (Fig. 1). Similarly, the STs isolated from late and disseminated
manifestations of LB were unevenly distributed. While STs of bacteria
causing ACA were present almost exclusively in B. afzelii and in a very
low number in B. burgdorferi, the STs isolated from NB were very well
represented within B. bavariensis and to a smaller extent within
B. garinii (Fig. 1).
Not all the STs that were present in tick samples (194) were also re-
trieved fromhuman cases (85). Likewise, not all the STs thatwere found
in EM (72) were also found in late or disseminated LB (28; Supplemen-
tary Table 1). The haplotype and nucleotide diversity of the main three
genospecies (B. afzelii, B. garinii, and B. burgdorferi) were, consequently,
constantly lower in the human than in the tick samples (Table 2b) e.g.
haplotype diversity of B. garinii in humans was only 0.77, compared to
0.968 in ticks, while nucleotide diversity was only 0.00417 in humans
and 0.00942 in ticks.3.3. Rarefaction analysis
To compare ST diversities of spirochetes from different sources we
ranEstimateS for all B. burgdorferi s.l. genospecies in our data set. The re-
sult indicated amuch higher diversity of the STs from ticks compared to
those fromhuman cases. Conﬁdence intervals are non-overlapping (Fig.
2). Even after rarefying the tick sample to 192 individuals to match the
size of thehuman sample, the ST richnesswas greater in the tick sample.
Thus, on average we expect to identify 85 distinct STs in 192 human
samples while 115 distinct STs are expected in the same number of
tick samples. Similar results were obtained for B. garinii and
B. burgdorferi (although with broad conﬁdence intervals for the second
one; Supplementary Fig. 2b, c). For B. afzelii, the number of distinct STs
of the bacteria isolated from human cases was only slightly smaller
than that from ticks; the overlapping conﬁdence intervals of the two
distributions indicate that there is no signiﬁcant difference between
the diversity of two sources (Supplementary Fig. 2a).loci. S.L. = B. burgdorferi s.l., AF= B. afzelii, BA= B. bavariensis, BU= B. burgdorferi, GA=
d from the table)
BU GA LU VA
1 37 164 17 80
2 17 59 13 28
0 3 13 2 2
5 4785 4782 4785 4785
1 150 370 134 196
1 150 381 137 198
0.181 0.896 0.955 0.971 0.93
0.104 0.039 0.009 0.028 0.015
0.00004 0.00659 0.00884 0.00794 0.00277
0.0001 0.00117 0.00042 0.00147 0.00079
B. burgdorferi s.s. B. garinii
Human Tick Human Tick
10 27 25 139
5 15 8 57
4785 4785 4782 4782
38 142 75 369
38 142 75 380
0.822 0.917 0.77 0.968
0.097 0.038 0.07 0.006
0.00211 0.00772 0.00417 0.00942
0.00087 0.0013 0.00064 0.00047
Fig. 1. Cluster analysis of B. burgdorferi s.l. isolates based on housekeeping genes' MLST. The clinical manifestations are highlighted in dark blue in each of the corresponding columns in the
heatmap attached to the tree: EM, ACA, NB, and LA. The gray background stands for the tick samples and all other human samples that are not in the category designated by the column
name.
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B. afzelii and B. bavariensis were found to be positively associated
with human cases of LB while B. garinii, B. lusitaniae and B. valaisiana
were positively associated with questing I. ricinus ticks (Fisher's test:
Table 3a). The fraction of STs isolated from human samples was signiﬁ-
cantly higher for the genospecies that are known to be maintained inenzootic cycles by mammals (B. afzelii, B. bavariensis, and B. spielmanii)
than for genospecies that are maintained by birds (B. garinii, and
B. valaisiana; Fisher's exact test p = 6.4 × 10−5) or lizards
(B. lusitaniae; Fisher's exact test p = 7.9 × 10−3). The difference was
still signiﬁcant even when we added the STs of B. burgdorferi s.s. and
Borrelia bissettii to either mammal or bird transmitted Borrelia or both
(Fisher's exact test p b 1.8 × 10−5).
Fig. 2. Individual-based rarefaction (solid curves) and extrapolation (dashed curves) from tick and human samples (ﬁlled black circles), indicating the ML sequence type richness in the
two samples. On the x-axis the number of sampled individuals is counted (419 individuals for ticks and 192 individuals for humans), while on the y-axis the corresponding number of STs
is depicted.
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manifestations in humans (71, 84, 171, 476, 1071, and 1080; Table 3b).
Despite the fact that these were not the most abundant STs in questing
ticks, they were still frequently found in human cases.
There were also differences between genospecies in terms of associ-
ationwith late or disseminated clinical manifestations of LB. Thus, someTable 3
Associations of genospecies and sequence types with source of isolation or clinical mani-
festations. The genospecies or sequence types that have a probability lower than 0.05
are considered to be signiﬁcantly associated to human cases of Lyme borreliosis or to
the disseminated form of the disease (ACA or NB). The columns “human”, “tick”, “ACA”,
“EM”, and “NB” represent the number of isolates from each of those sources/clinical man-
ifestations corresponding to each of the genospecies and/or sequence types. The values in
columns Fisher's test and beta-binomial represent the ps of those two statistical tests.
a) Genospecies associations with source of isolation
Genospecies Human Tick Fisher's test Beta-binomial
AF 161 229 1.76 × 10−12 Reference
BA 23 3 3.75 × 10−10 1.7 × 10−5
BI 0 1 1 1
BU 10 28 0.72 0.98
GA 33 158 7.46 × 10−6 1
LU 1 16 0.03 0.99
SP 3 10 0.76 0.95
VA 0 99 3.92 × 10−17 1
b) Sequence type association with source of isolation
Sequence type Genospecies Human Tick Beta-binomial
86 B. garinii 11 16 Reference
71 B. afzelii 4 0 3.6 × 10−2
84 B. bavariensis 18 1 9.4 × 10−4
171 B. afzelii 8 1 1.1 × 10−2
476 B. afzelii 11 0 4.1 × 10−4
1071 B. afzelii 12 3 1.1 × 10−2
1080 B. afzelii 5 0 1.7 × 10−2
c) Sequence type association with ACA
Sequence type Genospecies ACA EM Beta-binomial
1071 B. afzelii 1 11 Reference
335 B. afzelii 2 1 3.2 × 10−2
1054 B. afzelii 2 0 1.3 × 10−2
1073 B. afzelii 3 0 2.7 × 10−2
d) Sequence type association with NB
Sequence type Genospecies NB EM Beta-binomial
86 B. garinii 3 8 Reference
84 B. bavariensis 11 6 3 × 10−2STs of B. afzelii were positively associated with acrodermatitis chronica
atrophicans (beta-binomial test: Table 3c), while B. garinii (Fisher's
exact test on Table 1, p = 4.8 × 10−3) and B. bavariensis (Table 3d)
were positively associated with neuroborreliosis.
Following the inspection of the phylogenetic tree we noticed that
the Borrelia isolated from humans were not evenly distributed among
all the branches. Consequently, we wanted to see if there is a higher
probability of a branch or a cluster to cause LB. To further test our hy-
pothesis of differential pathogenicity of B. burgdorferi s.l., we compared
the frequencies of the different genospecies of Borrelia in disseminated/
persistent forms of the disease –ACA andNB –with the localized form –
EM.
We showed that there are differences between STs of the same
genospecies in terms of their capacity to cause late or disseminated
forms of LB. The comparison between ACA and EM based on the
beta-binomial test indicated that ST 335, 1054, and 1073 are signif-
icantly more frequent in late LB than ST1071 — the most abundant
ST in the EM cases, that can also cause ACA (Table 3c). When tested
for association with EM based on their frequency in questing ticks,
these STs were not signiﬁcantly associated with the incipient form
of LB.
The strongest indication that a ST is particularly invasive was in the
case of ST 84 of B. bavariensis, which was positively associated with NB
(Table 3d), while ST 86 (B. garinii) was also frequent in NB cases. ST 84
was also signiﬁcantly more frequent in EM cases than in questing ticks
(beta-binomial test p= 0.015).
The clusters obtained by collapsing the branches of the phylogenetic
tree (Supplementary Fig. 1)were also tested for associationwith human
cases. In the case of B. garinii none of the clusters showed signiﬁcant as-
sociation with any of the human or tick source. Cluster “6” of B. afzelii
was signiﬁcantly associated with human cases (Fisher's exact test p=
0.0416). Cluster “2” of B. burgdorferi showed signiﬁcant positive associ-
ation (Fisher's exact test p=0.0229)with human LB. Therewas no pre-
dilection of any of these clusters for a certain disseminated clinical
manifestation of LB.
In our study, we identiﬁed, thus, two genospecies (B. afzelii and
B. bavariensis), two phylogenetic clusters (“6” of B. afzelii and “2” of
B. burgdorferi), and six MLST types (84 of B. bavariensis and 71, 171,
476, 1071, 1080 of B. afzelii) positively associated with human LB. Addi-
tionally, we identiﬁed four MLST types positively associated with
disseminated LB: ST 335, 1054 and 1073 of B. afzelii and ST 84 of
B. bavariensis.
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no signiﬁcant genetic differentiation between the various European
countries for any of the Borrelia genospecies, except for B. afzelii. The
population of B. afzelii from Italy was signiﬁcantly different from those
fromDenmark and Sweden, but also that fromTheNetherlandswas sig-
niﬁcantly different from those from France, Germany and Austria. Since
in some of these countries (Austria, Italy, and Sweden; Supplementary
Table 1) there were no MLST proﬁles retrieved from the questing
ticks, onemight argue that this is the reason underlying the association
of some STs to human cases.We excluded this possibility because all the
STs that were associated with human cases came from countries where
also tick samples were available from.
For the 5S–23S ribosomal DNA spacer, 21 of the 220 sequences
contained ambiguous nucleotides andwere removed from further anal-
ysis. The remaining 199 samples belonged to 36 different haplotypes, of
which 25were of B. afzelii, six of B. garinii, two of each B. bavariensis and
B. burgdorferi s.s., and one of B. spielmanii. Their distribution over
B. burgdorferi s.l. genospecies, the source of isolation, and their corre-
sponding MLST ST is shown in Table 4.
The genetic variability of IGSwas, on average, higher than that of the
individual MLST housekeeping genes for the same samples but lower
than that of their concatenated sequences. IGS haplotypes corresponded
to 86 multi-locus STs. By applying a beta-binomial test on a larger
dataset of IGS (not shown here), comprising also sequences from
questing ticks, there were ﬁve haplotypes – 28, 71, 95, 121 and 141 –
that were positively associated to the human LB cases (Table 5).Table 4
Correspondence of IGS type with MLS type.
IGS
type
Genospecies Symptoms Source Multi locus
sequence type
2 AF EM Human 1101
40 AF ACA Human 1058
76 AF ACA Human 1033
92 AF ACA, EM Human 1103, 1106
95 AF ACA, EM Human, tick 71, 1056, 1055, 1077, 1054, 168,
1081, 354, 1080, 540, 1053,
1027, 1061
103 AF EM Human 1096, 1094
107 AF EM Human 1052
108 AF EM Human 1100
121 AF ACA, EM Human, tick 1073, 467, 204, 165, 1029, 1025,
1034, 1067
122 AF EM Human 1059
128 AF ACA, EM Human 1060, 1064, 1051, 1038
133 AF EM Human 1026
134 AF EM Human 1031
135 AF EM Human, tick 1084, 1093, 1091, 1092
136 AF EM Human 462
151 AF EM Human 1072
152 AF ACA, EM Human 547, 335
156 AF EM Human, tick 476, 1041, 1042, 1043
157 AF EM Human, tick 1076, 1066
158 AF ACA Human 476
162 AF ACA, EM Human 72, 1044
171 AF ACA, EM Human, tick 171, 263, 479, 1071, 347, 289,
1104, 1075
175 AF ACA, EM Human, tick 463, 171, 1090, 1088, 1089
182 AF EM Human 1035
185 AF EM Human 1046, 351
141 BA EM, NB Human 84, 1021
143 BA EM, NB Human 84
47 BU ACA, EM Human 20, 332, 1004, 21
51 BU EM Human 1003
9 GA EM Human NA
28 GA EM, NB Human 86, 177, 574
30 GA EM Human 180
71 GA EM Human 246, 578, 1011
73 GA EM Human 187
74 GA Tick 1006
12 SP EM Human 159There were no IGS STs signiﬁcantly associated to a particular clinical
manifestation of LB.
3.5. Predictive value of MLST and IGS genotypes
Based on the nucleotide sequences of the concatenated MLST
genes and IGS, the human (161 samples) and the tick (24 samples)
B. burgdorferi s.l. were signiﬁcantly different (χ2 = 23.711, p =
0.0084). The smartpca analysis on this smaller dataset (185 sam-
ples for which both MLST and IGS sequences were available)
showed that there were 9 SNPs in the MLST sequence that were associ-
ated with human cases of LB, while in the IGS sequence there was only
one (Table 6a). In order to have a comparablemeasure for the predictive
value of the various genomic regions for pathogenicity of B. burgdorferi
s.l., we adjusted the number of predictive sites to the length of the DNA
sequence — 4788 nt for the concatenated housekeeping genes and
345 nt IGS. Practically,we divided the length of the sequence to the num-
ber of predictive sites, obtaining an average of 1/532 predictive sites per
nt of the MLST housekeeping genes and of 1/345 predictive sites per nt
for IGS.
smartpca analysis based on the SNPs from the concatenated house-
keeping genes in the MLST scheme indicated signiﬁcant differentiation
between populations of B. burgdorferi s.l. from ACA and EM (χ2 =
30.829, p= 0.003), NB and EM (χ2 = 159.448, p= 2.5 × 10−27), and
ACA andNB (χ2= 260.514, p=4.2 × 10−48). Therewere 29 SNPs iden-
tiﬁed that are capable of signiﬁcantly differentiating between ACA and
NB, 26 SNPs that could differentiate between NB and EM sequences,
while only ten SNPs that could differentiate between ACA and EM
(Table 6b).
4. Discussion
The present study analyzed a set of 775 B. burgdorferi s.l. positive
samples to infer relations between their genetic composition and their
degrees of pathogenicity in humans. To this end, we usedmultilocus se-
quence typing. Previous studies (Hanincova et al., 2013) have shown
that this is a tool to be able to discriminate between isolates of
B. burgdorferi at epidemiological scale.
B. afzelii and B. garinii were the most frequent genospecies in our
dataset, which is consistent with the fact that they are the most com-
mon genospecies of the B. burgdorferi s.l. complex in Europe (Piesman
and Gern, 2004; Rauter and Hartung, 2005). At the opposite pole
(with only one MLST proﬁle retrieved from literature) was B. bissettii,
a genospecies relatively common in North America (Bissett and Hill,
1987; Oliver et al., 2003), but that has been seldom found in Europe
(Fingerle et al., 2008; Hulinska et al., 2007; Strle et al., 1997). The low
frequency of B. spielmanii, and B. lusitaniae could be explained by
the low relative abundance and patchy habitats of the competent trans-
mission vertebrates for those genospecies — dormice and lizards
(Majlathova et al., 2006; Richter and Matuschka, 2006; Richter et al.,
2011). The low frequency of B. bavariensis in questing I. ricinus ticks,
however, is still awaiting an explanation. The most simple one would
be that they are maintained in enzootic cycles with a very narrowTable 5
Association of IGS typewith source of isolation. The columns “human” and “tick” represent
the number of isolates from eachof those sources/clinicalmanifestations corresponding to
each of the sequence types. The values in column beta-binomial represent the ps of that
statistical test.
IGS type Human Tick Beta-binomial
171 27 89 Reference
28 14 11 1.4 × 10−3
71 7 4 7.1 × 10−3
95 27 51 4.8 × 10−2
121 15 23 3.6 × 10−2
141 9 5 2.3 × 10−3
Table 6
SNPs differentiating between the B. burgdorferi s.l. populations from different sources and
clinical manifestations.
a) smartpca results for concatenated sequences of MLST and IGS of human and tick
provenience
Gene (position in alignment) SNP position in alignment
clpA (1–579) 10, 297
clpX (580–1203) 642
nifS (1204–1767) 1749
pepX (1768–2337) 1815, 2034
pyrG (2338–2943) 2505, 2748
recG (2944–3594) 3291
IGS (4789–5172) 4882
b) smartpca results for the MLST housekeeping genes in samples from ACA, EM and
NB
Gene (position in
alignment)
NB:EM
SNP position in
alignment
ACA:EM
SNP position in
alignment
ACA:NB
SNP position in
alignment
clpA (1–579) 12, 31, 205, 349,
387, 413
12, 31 12, 31, 205, 349,
387, 413
clpX (580–1203) 921, 1002 1002 789, 921, 1002
nifS (1204–1767) 1386, 1539, 1628 1539 1386, 1539, 1628,
1767
pepX (1768–2337) 2034, 2064 2034 2034, 2064
pyrG (2338–2943) 2487, 2505, 2751,
2910, 2925
2487 2487, 2505, 2751,
2910, 2925
recG(2944–3594) 2983, 3110, 3192,
3312
3110, 3312 2983, 2995, 3110,
3192, 3312
rplB (3595–4218) 4062 4062 4062
uvrA (4219–4788) 4431, 4618, 4656 4656 4431, 4618, 4656
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B. bavariensis seems to be associated with rodents of the genus
Apodemus (Hu et al., 1997; Huegli et al., 2002) which are some of the
most abundant rodents in Europe (Amori et al., 2008; Schlitter et al.,
2008). Alternatively, they could be primarily transmitted by another
tick species, being only incidentally bridged over via I. ricinus ticks to
humans and other vertebrates via I. ricinus ticks (Gray, 1998). This sec-
ond hypothesis is sustained also by the low infection rates – 0.7–1.5% –
of questing I. ricinus ticks with B. bavariensis reported by others
(Bingsohn et al., 2013; Glatz et al., 2014).
Our MLST analysis indicated a high genetic heterogeneity of
B. burgdorferi s.l., not only at complex level (with 251 STs in 612 sam-
ples) but also within each genospecies. The highest haplotype diversity
is foundwithin B. afzelii. Our study revealed the existence of 74 new STs
of B. afzelii, which contribute signiﬁcantly to the increase of genetic di-
versity of this genospecies. The low nucleotide diversity of B. afzelii
(Table 2), together with a high haplotype diversity indicate a high fre-
quency of unique mutations, which could be explained by population
expansion. This is consistent with previous ﬁndings based on the IGS
of B. burgdorferi s.l. (Coipan et al., 2013a). A large population size of
B. afzelii is not surprising considering that the competent transmission
vertebrates for this genospecies are abundant and easily available
(Amori et al., 2008; Hanincova et al., 2003; Schlitter et al., 2008) all
over Europe.
The lowest haplotype diversity was found for B. bavariensis (Table 2)
and indicates a highly clonal genospecies. The low diversity was unlike-
ly to be a sampling artifact – the samples came from four countries dis-
tributed all across Western and Central Europe – and it might be
indicative of either ﬁxation of a genotype due to a very small effective
population size (Kimura and Ohta, 1969), or a strong selective pressure,
such as a very specialized enzootic cycle of this genospecies (Brisson
and Dykhuizen, 2004).
The most frequently used measure of risk of human infection with
B. burgdorferi s.l. is the acarological risk, which is deﬁned as the density
of infected ticks (Dister et al., 1997; Glass et al., 1994, 1995; Kitron and
Kazmierczak, 1997; Nicholson and Mather, 1996). One of the questionsthat arises is whether all B. burgdorferi s.l. bacteria have the same infec-
tivity potential or there are bacteria that have a higher intrinsic capacity
(given by the geneticmakeup) of causing disease. Comparison of haplo-
type richness and DNA polymorphism in human versus tick-associated
bacteria could indicate whether all bacteria found in ticks are equally
likely to be infectious for humans. DNA polymorphism analysis showed
that the haplotype diversity, nucleotide diversity, and average number
of nucleotide differences in B. burgdorferi s.l from humans are lower
than those from ticks (Table 1b) for all main genospecies — B. afzelii,
B. garinii, and B. burgdorferi. This implies that the population of bacteria
causing disease is smaller than the one circulating in questing ticks.
It is, however, known that the sampling limitations could be an im-
pediment for comparing assemblages that contain rare species (Chao
et al., 2005; Colwell and Coddington, 1994; Colwell et al., 2004), such
aswith rare haplotypes of B. burgdorferi s.l. To circumvent this drawback
we used the rarefaction analysis— amethod that is widely used in ecol-
ogy for comparing species richness of different habitats. The results of
our rarefaction analysis showed that the population of bacteria that is
capable of causing human disease is only a subset of that from questing
ticks (Fig. 2). This result is therefore not due to various sampling sizes.
4.1. Association with human cases of Lyme borreliosis
While many of the B. burgdorferi s.l. spirochetes were found in
human cases, some seem to have a higher frequency in human isolates
than expected based on their frequency in questing ticks.
To test our hypothesis of differential infectivity of B. burgdorferi s.l.,
we compared the frequencies of the different genospecies of Borrelia
in two sources — humans and tick. The two species that were signiﬁ-
cantly more frequent in human cases than in questing ticks were
B. afzelii and B. bavariensis (Table 3a) — both mammal-associated
Borrelia. Borrelia lusitaniae and B. valaisianawere, as expected, negative-
ly associated with LB. The association of B. afzelii with human cases
could be due to their ability to cause a long lasting andmore prominent
EM, as it was shown in previous studies (van Dam et al., 1993), being,
therefore, easier to detect. In the case of B. bavariensis, the strikingly
low frequency in questing ticks and high frequency in LB patients
(Table 3a) could be explained by higher infectivity of these bacteria. Al-
though, both B. garinii and B. burgdorferi s.s. comprised STs that were
only isolated from LB patients, there was no signiﬁcant association of
these genospecies with the human cases. One possible explanation is
the lower sample size available for these genospecies, comparing with
B. afzelii; additional sampling of these genospecies might lead, in future
studies, to clariﬁcation of the matter of differential infectivity of these
spirochetes.
We hypothesize that the reason for which mammal associated
Borrelia are signiﬁcantly more often retrieved from humans than bird
associated Borrelia is that humans are also mammals and the factors
that trigger the speciﬁcity of Borrelia for small rodents (e.g. outer surface
protein B, as suggested by Vollmer et al. (2013)) could be the same ones
that are responsible for facilitating the establishment of localized infec-
tion with these bacteria in humans. This would make the transmission
of the bacteria more facile between vertebrates of the same class (i.e.
mammals) than between vertebrates of different classes (i.e. birds and
mammals). The imbalanced clustering of pathogenic B. garinii could be
an indication of an ongoing evolution process that might lead to the ac-
quisition of the required genetic elements for infectivity in mammals.
Such an event could have led to the emergence of B. bavariensis.
Ourﬁndings that not all genospecies, clusters, or STs are equally like-
ly to cause disease in humans suggest that the spirochetes of
B. burgdorferi s.l. have different infectivity properties, not only between
but also within the genospecies, and this has direct implications on the
epidemiology and risk assessment of human infections with these bac-
teria.While previous studies have showed the propensity of some STs of
B. afzelii and B. burgdorferi to cause LB (Hanincova et al., 2013; Jungnick
et al., 2015), our analysis indicates that at European scale the genetic
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edged, with 68 B. afzelii STs, of which 47 are newly described.
4.2. Association with disseminated/persistent forms of Lyme borreliosis
Our results indicated that not all spirochetes are equally invasive/
persistent, with some being more likely to cause ACA and others NB. It
seems that the success rate of culturing B. burgdorferi s.l. is higher
from EM than from NB (Kuiper et al., 1994; van Dam et al., 1993).
However, it could be that a large fraction of the patientswith EM, partic-
ularlywithmild rashes— such as itwas previously reported for B. garinii
and B. bavariensis (van Dam et al., 1993) do not get to the general prac-
titioners and dermatologists to have the bacteria cultured. On the other
hand, it is very likely that the patientswith severe neurologicalmanifes-
tationswill often undergo thorough clinical examinations, with ensuing
culturing of the spirochetes. Consequently, some of the bacteria causing
NB could be overlooked in the EM cases. Future studies, on larger
datasets, can establish whether these associations represent real inva-
sive capacities of the bacteria or if they are the result of undersampling
in EM cases and better sampling in ACA or NB.
The low number of samples with LA causing bacteria in our dataset,
due to difﬁculties in culturing Borrelia from LA patients, did not allow us
to gain any results and draw any meaningful conclusions for these.
Sampling with PCR-based techniques from a wider range of LB clinical
manifestations, will most probably shed more light on the association
of the bacterial genotype and the pathogenic properties of these
bacteria.
One of the possible reasons for lack of association between the chro-
mosomal DNA proﬁle of the bacteria and their differential pathogenicity
is recombination. Recombination is known to maintain sequence poly-
morphisms within B. burgdorferi s.l. populations (Haven et al., 2011)
and the high number of STs can impede the identiﬁcation of associations
with clinical manifestations of LB. The test for recombination (not
shown) indicated that this is a frequent event even for chromosomal
housekeeping genes, as other studies (Haven et al., 2011) have also
revealed.
An alternative explanation for imperfect association of genotype
with infectiousness and invasiveness is the synergism between some
bacteria. It has been previously shown that B. burgdorferi s.l. coexists
in ticks with some other tick-borne pathogens (Belongia, 2002; Burri
et al., 2011; Coipan et al., 2013b; Ginsberg, 2008; Koetsveld et al.,
2015; Lommano et al., 2012; Nieto and Foley, 2009; Reye et al., 2010).
Likewise, it is known that the severity of LB may be affected by simulta-
neous infections with other bacteria, such as Anaplasma phagocytophilum
(Belongia, 2002; Holden et al., 2005; Swanson et al., 2006; Thomas et al.,
2001), that are capable to modulate host immunity and, therefore, in-
crease susceptibility to various second pathogens. Thus, coinfection
might be partly responsible for the variability in clinical manifestations
that are usually associated with LB.
4.3. IGS vs. MLS typing
When comparing the predictive values of the chromosomalmarkers
used in this study for infectivity of B. burgdorferi s.l., our study suggests
that IGS could perform just as good as the housekeeping genes in the
MLST scheme. The fact that a shorter DNA sequence could be just as in-
formative as MLST could be of use in the process of rapid typing of bac-
teria for clinical purposes, but also in ﬁrst stage epidemiological
screening. It remains to be seen if this association still holds for larger
datasets.
When comparing the predictive values of IGS and MLST for dissem-
ination/persistence of B. burgdorferi s.l., it was obvious that IGS could not
be associated with any clinical manifestations of LB, while MLST could
indicate differential invasiveness for the various STs. The reason for
this could be that the chance of a mutational event is higher with a lon-
ger DNA sequence – such as the concatenated housekeeping genes –and there are, therefore, more nucleotides that can differentiate be-
tween the disseminated forms of LB.
In conclusion, comparison of MLST proﬁles of B. burgdorferi s.l.
strains isolated from LB patients with those of questing ticks suggests
the existence of B. burgdorferi STs with differential pathogenic proper-
ties in humans. The infectivity seems to be inﬂuenced by the vertebrate
speciﬁcity of the bacteria, with mammal-associated bacterial STs being
more frequently retrieved from human cases than the bird-associated
ones. The invasive potential of the different STs appears to be a
function of the genospecies, with B. bavariensis and B. garinii
causing neuroborreliosis, while B. afzelii can cause persistent skin
infection in the form of acrodermatitis chronica atrophicans. The ex-
istence of speciﬁc STs with a higher predilection for late/dissemi-
nated forms of LB could be beneﬁcial in timely typing of the
bacteria in an infected patient and, therefore, in improving the
prognosis for the evolution of infection and allowing for differential
treatment and monitoring. Imperfect associations indicate, howev-
er, the existence of other factors that play a role in infectiousness
and invasiveness, and require more studies on the genetic diversity
of the LB spirochetes isolated from human samples.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.meegid.2016.04.019.
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